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We present the first calculation of inclusive jet photoproduction with next-to-next-to-leading order
(NNLO) contributions, obtained from a unified threshold resummation formalism. The leading
coefficients for direct photoproduction are computed analytically. Together with the coefficients
pertinent to parton-parton scattering, they are shown to agree with those appearing in our full
next-to-leading order calculations. For hadron-hadron scattering, numerical agreement is found
with a previous calculation of jet production at the Tevatron. We show that the direct and resolved
NNLO contributions considerably improve the description of final ZEUS data on jet photoproduction
and that the error on the determination of the strong coupling constant is significantly reduced.
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INTRODUCTION
The HERA collider, which operated at DESY from
1992 to 2007, has produced many important physics re-
sults, first of all perhaps the most precise determinations
to date of the quark and gluon densities in the proton
from single experiments (H1, ZEUS) [1, 2] and their com-
bined data sets [3]. These data, taken in deep-inelastic
electron-proton scattering, are complemented by a wealth
of data from photoproduction at low virtuality of the ex-
changed photon, in particular on jet production, giving
access also to the distributions of partons in the photon
and to measurements of the strong coupling constant [4].
Using the full data set of the HERA run from 2005-
2007 with an integrated luminosity of 300 pb−1, the
ZEUS collaboration have recently published a final mea-
surement of inclusive jet photoproduction [5] and used it
to determine the strong coupling constant (at the mass
MZ of the Z-boson) to be
αs(MZ) = 0.1206
+0.0023
−0.0022(exp.)
+0.0042
−0.0035(th.), (1)
based on a comparison with our next-to-leading order
(NLO) QCD calculations [6]. While this value (like the
one obtained from deep-inelastic electron-photon scatter-
ing [7]) is in agreement with the current world average of
αs(MZ) = 0.1184±0.0007 [8], it is also less precise, since
the latter uses only observables that are known to next-
to-next-to-leading order (NNLO) of perturbative QCD.
In this Letter, we compute the inclusive jet photopro-
duction cross section for the first time including NNLO
contributions, obtained from a unified threshold resum-
mation formalism [9], and extract the first NNLO value
for the strong coupling constant from photoproduction
data. Our calculations are based on our previous work
on inclusive jet [10] and dijet [6] photoproduction and
lead, as we will see, to a considerably improved descrip-
tion of the ZEUS data and a theoretical error on αs that
is significantly reduced.
NNLO CONTRIBUTIONS TO JET
PHOTOPRODUCTION
The QCD factorization theorem allows to write the
differential cross section for inclusive jet photoproduction
dσ =
∑
a,b
∫
dy fγ/e(y)
∫
dxγ fa/γ(xγ , µγ)
×
∫
dxp fb/p(xp, µp) dσab(αs, µ, µγ , µp) (2)
as a convolution of the partonic scattering cross sec-
tion dσab, which includes both direct (a = γ, b = q, g)
and resolved (a, b = q, g) photon contributions, with
the Weizsa¨cker-Williams flux of photons in electrons fγ/e
and the parton densities in the photon and proton fa/γ
(δ(1− xγ) for direct photons) and fb/p, respectively.
From a unified threshold resummation formalism a
master formula can be obtained that allows to compute
soft and virtual corrections to arbitrary partonic hard
scattering cross sections [9]. At NLO it reads
dσab = dσ
B
ab
αs(µ)
pi
[c3D1(z) + c2D0(z) + c1δ(1− z)]
+
α
dαs+1
s (µ)
pi
[AcD0(z) + T
c
1 δ(1− z)] , (3)
where the second line is only present for processes with
complex color flow (here resolved processes), dαs denotes
the power of αs already present in the Born term dσ
B
ab
(1 for direct and 2 for resolved photoproduction), and
Dl(z) =
[
lnl(1− z)
1− z
]
+
(4)
with decreasing l are the leading and subleading loga-
rithms at partonic threshold (z → 1) in pair-invariant-
mass kinematics. The NNLO master formula is given in
the reference cited above, as are the general and complex
color flow formulæ for the coefficients ci, A
c and T c1 .
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2The coefficients for the simple color flow in direct pho-
toproduction are given here for the first time. For the
QCD Compton process γq → qg, we find c3 = CF −NC ,
c2 = CF
[
− ln
(
µ2p
s
)
− 7
4
+ ln
(−u
s
)]
+
NC
2
[
−1 + ln
(
t
u
)]
− β0
4
, (5)
and the scale-dependent part of the coefficient
cµ1 = −
3CF
4
ln
(
µ2p
s
)
+
β0
4
ln
(
µ2
s
)
. (6)
For the crossed process γg → qq¯, we find c3 = 2(NC −
CF ),
c2 = −5CF
2
+NC
[
− ln
(
µ2p
s
)
− 1
2
+
1
2
ln
(
tu
s2
)]
, (7)
and the scale-dependent part of the coefficient
cµ1 = −
β0
4
ln
(
µ2p
s
)
+
β0
4
ln
(
µ2
s
)
. (8)
For both processes, the scale-independent parts of c1 can
be found in Refs. [6]. These coefficients depend on the
QCD color factors CF = 4/3 andNC = 3, the one-loop β-
function β0 = (11NC−2nf )/3 with nf quark flavors, the
Mandelstam variables s, t and u, and the renormaliza-
tion and proton factorization scales µ and µp, but not on
the photon factorization scale µγ , as the QED splitting
of a photon to a quark-antiquark pair is not enhanced
by the logarithms given above. We therefore only ex-
pect the dependencies on the former two scales to be
improved at NNLO. We have verified that at NLO the
direct and resolved coefficients agree with the virtual and
soft initial-state corrections calculated in pair-invariant-
mass kinematics for two jets integrated analytically over
singular and numerically over regular regions of phase
space [6]. At NNLO, these coefficients appear exclusively
in the three leading logarithmic terms D3, D2 and D1
of the master formula. For lower terms, only the scale-
depenent terms are known and included, but the resulting
error should be small.
COMPARISONS WITH D0, ZEUS AND H1 DATA
The analytical results described above have been im-
plemented in our program for dijet photoproduction,
where a convolution over z was already performed for
initial-state singularities [6]. The NNLO terms for sim-
ple color flow were implemented exclusively on the proton
side, while those for complex color flow (resolved photo-
production) have been split evenly among the photon and
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FIG. 1: Relative difference of D0 data, NLO and NNLO
predictions with scales µ, µp = [0.5; 2] × ET to the central
NLO prediction as a function of jet transverse energy ET .
the proton. At NLO, we use of course our complete cal-
culation and not only the logarithmically enhanced terms
described above. As a numerical check, we have repeated
the calculation of inclusive jet production at the Tevatron
at NLO and NNLO with different scales as shown in Fig.
2 of Ref. [11] (note that the rapidity range there should
read |η| ≤ 0.5), finding full agreement (see our Fig. 1).
The final ZEUS measurements for inclusive jet photo-
production and the determination of αs were performed
with photon virtuality Q2 < 1 GeV2, γp center-of-mass
energy in the range 142 < Wγp < 293 GeV, and using the
inclusive kT -algorithm [12] with jet radius R = 1, trans-
verse energy ET > 17 GeV and rapidity in the range
−1 < η < 2.5 [5]. To facilitate easy comparison of the
following figures, we also employ the ZEUS-S [13] and
GRV-HO [14] fits of the parton densities in the proton
and photon, where the latter has been transformed from
the DISγ to the MS scheme. Similar measurements have
also been performed almost a decade earlier by the H1
collaboration [15]. Due to the lower integrated luminos-
ity available then (24.1 pb−1), the data are less precise,
but we have verified that within errors they are in good
agreement with our calculations at NLO and NNLO.
Focusing now on the more precise ZEUS data, we com-
pare in Fig. 2 the measured and various theoretical trans-
verse energy spectra to the NLO prediction with central
scales (µ, µγ , µp = ET ) and after applying hadronization
corrections [5]. The NLO uncertainty band (blue) is ob-
tained by varying the scales about the central scale up
and down by a factor of two and coincides with the one
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FIG. 2: Relative difference of ZEUS data, NLO and NNLO
predictions with scales µ, µγ , µp = [0.5; 2]×ET to the central
NLO prediction as a function of jet transverse energy ET .
shown in Fig. 2 of Ref. [5]. The NNLO corrections (in-
cluding NNLO running of αs) increase the central predic-
tion by 3-6%, bringing it into considerably better agree-
ment with the experimental data. As expected from the
general behavior of threshold logarithms, the increase is
larger at high ET . The scale uncertainty is also reduced
at NNLO (green band), in particular at high ET , where
it drops from 8 to 5%. Note that the data point in the
largest ET -bin has been omitted from this comparison,
as it suffers from large experimental (in particular jet
energy-scale) uncertainties.
In Fig. 3 we perform a similar comparison for the jet
rapidity distribution. This distribution has been prob-
lematic since the earliest HERA runs, as it tended to
be overestimated in the backward (photon) and under-
estimated in the forward (proton) direction. These dis-
crepancies are indeed observed at NLO in Fig. 3, together
with a large scale uncertainty, in particular in the forward
direction. They were traditionally assigned to hadroniza-
tion, but also missing higher-order corrections. This con-
jecture can now be corroborated for the first time, as the
NNLO contributions do bring the theoretical predictions
into better agreement with the data in both kinemat-
ical regions. The scale uncertainty is not significantly
improved at NNLO, as the data are dominated by the
low-ET region, but within it they can now be described
up to the largest rapidities. Note that all figures in this
section have been obtained using the world average value
for αs(MZ) = 0.118 as required for the ZEUS-S (stan-
dard) fit [13].
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FIG. 3: Relative difference of ZEUS data, NLO and NNLO
predictions with scales µ, µγ , µp = [0.5; 2]×ET to the central
NLO prediction as a function of jet rapidity η.
DETERMINATION OF αs
To determine the strong coupling constant from these
comparisons, the theoretical calculations have to be per-
formed with a set of parton densities in the proton
obtained from global fits assuming different values of
αs(MZ). For our analysis at NNLO, we employ the latest
fits of the CTEQ-TEA collaboration (CT10), which have
been obtained with NNLO running of the coupling, evolu-
tion of the parton densities, deep-inelastic scattering and
vector-boson production matrix elements [16]. 13 differ-
ent CT10 NNLO sets were used, which correspond to val-
ues of αs(MZ) = 0.112 to 0.124. In contrast, the ZEUS
determination at NLO in Eq. (1) was based on only five
different sets of ZEUS-S parton densities corresponding
to values of αs(MZ) = 0.115 to 0.123. Its theoretical er-
ror was dominated by higher-order terms, estimated from
scale variations, but depended only weakly on variations
of the parton densities in the proton, the hadronization
model, and the jet algorithm.
At NLO, for a scale choice of µ, µγ , µp = ET , and omit-
ting the lowest ET point, which lies clearly outside the
theoretical error band at this order (see Fig. 2), we repro-
duce αs(MZ) = 0.121
+0.002
−0.002(exp.)
+0.005
−0.003(th.) as in Eq. (1)
and the ZEUS analysis [5]. As stated there, including the
lowest ET point severely worsens the quality of the fit,
and we find an increase in the minimal value of χ2/d.o.f.
from 16/6 to 123/7. Through this result, we also confirm
that the fit of the strong coupling constant does not de-
pend very much on the employed parton densities in the
4proton, which were CT10 NNLO in our fit and ZEUS-
S NLO in the ZEUS analysis. The uncertainty induced
by the parton densities in the photon was systematically
studied by the ZEUS collaboration and estimated to be
+2/−1 %. It is expected to remain the same at NLO
and NNLO, in particular due to the lack of more pre-
cise deep-inelastic electron-photon scattering data and a
NNLO fit to them.
Finally, at NNLO and for the same scale choice as the
one given above, we obtain
αs(MZ) = 0.120
+0.002
−0.002(exp.)
+0.003
−0.003(th.). (9)
The central value is now lower, since the NNLO contri-
butions increase the cross section for all ET bins (see Fig.
2), and is brought closer to the world average of 0.118.
In addition, the theoretical error is significantly reduced,
which reflects the stabilization of the cross section predic-
tion with respect to variations of the unphysical scales.
CONCLUSIONS
In conclusion, we have presented here a first calculation
of inclusive jet photoproduction up to NNLO of pertur-
bative QCD. Leading and subleading logarithmic contri-
butions were extracted from a unified threshold resum-
mation formalism for photon-parton and parton-parton
scattering processes pertinent to direct and resolved pho-
toproduction of jets and shown to agree with those ap-
pearing in our full NLO calculations. The NNLO contri-
butions implemented in our NLO program were shown
to correctly reproduce results obtained in the literature
for hadron-hadron scattering at the Tevatron and to con-
siderably improve the description of final ZEUS data on
jet photoproduction. A NNLO fit of these data with the
CT10 set of parton densities resulted in a new determi-
nation of the strong coupling constant at the mass of the
Z-boson in agreement with the current world average and
the ZEUS determination at NLO, but with a significantly
reduced theoretical error.
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